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Urban water body pollution caused by storm-water runoff is increasingly serious due to rising global urbani-
zation. We evaluated the effectiveness of a calamus vertical flow constructed wetland purifying urban runoff. This
wetland was constructed using three filler layers of rare earth porcelain sand, ceramsite, and clinoptilolite
respectively. The results revealed that under the optimal hydraulic load of 80 L/(m?h), pollutants removal ef-
ficiency with the study wetland reached 89.9 %, 95.0 %, 84.7 %, and 76.2 % for the moderate rain runoff, in
terms of COD (chemical oxygen demand), SS (suspended solids), TN (total nitrogen) and TP (total phosphorus)
respectively. The removal rates of COD, SS, TN and TP by plants and the soil layer together were up to 64.9 %,
50.0 %, 58.1 %, and 28.6 %, respectively, while the rare earth porcelain sand layer had the highest contribution
to the removal rate of TP (42.8 %), and the filler removal effect for phosphorus was more significant than that of
plants and the soil layer. Although the influent water quality fluctuates with runoff from moderate to heavy
torrential rain intensities, most of the effluent water meets the discharging standards. While the effluent quality
of light rain runoff with high pollution load slightly exceeded the standards, it still removal rate as high as 88 %,

96.3 %, 73.3 %, 76.2 % for COD, SS, TN, TP.

1. Introduction

The pollution of urban runoff is rapidly increasing worldwide due to
rising urbanization. Urban runoff is considered as the main pollution
source of urban rivers, where massive pollutants in runoff is discharged
into urban water bodes [1]. The urban runoff contains contaminants
such as organic matter, suspended solids (SS), nitrogen, phosphorus, and
heavy metal washed from air and soil [2]. For instance, in the case of
Neijiang City, China, the chemical oxygen demand (COD) discharge load
from a single storm reached as high as 73.7 tons (t). Based on the esti-
mated annual rainfall of 1000 mm, the total phosphorus (TP), ammo-
nium (NH3-N), and total nitrogen (TN) discharges from runoffs were
about 3.855 t, 41.410 t, and 69.133 t, respectively. There are significant
differences in runoff quality for different regions, due to various runoff
surfaces and rainfall intensities [3]. The non-point source pollution of
urban runoff is considered as one of the critical factors for urban water
body pollution and eutrophication [4,5]. Therefore, it is imperative to
control urban runoff pollution and to prompt runoff resource utilization,
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in order to counter black odor pollution and eutrophication of water
bodies worldwide [6].

The constructed wetland for urban runoff management has the
characteristics of high efficiency, low cost, low energy consumption, and
convenient management features [7]. Compared with coagulation
sedimentation, filtration, ultrafiltration and other treatment technolo-
gies, the constructed wetland (CW) technology is more adhering to the
concept of low-impact development, management, and utilization.
Therefore, CWs have been widely studied and applied worldwide [8].
CWs can be categorized into free surface flow (FSF), subsurface flow
(SSF), tidal flow, and baffle flow artificial wetlands depending on the
hydraulic level [9]. Different types of constructed wetlands can be
combined with each other (i.e., hybrid or combined systems) to utilize
the specific advantages of different systems. However, long-term effec-
tive treatment performance and sustainable operation of constructed
wetlands remains a challenge. On the one hand, plant species and media
types are key influencing factors on the removal performance of CWs as
they are considered to be the main biological components of CWs and
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directly or indirectly alter pollutant removal over time [10]. Herandez
Crespo et al. [11] found that all three plants, Cattail, Orris and reed, had
strong sorption and uptake capacity for nitrogen and phosphorus, where
Cattail had the highest total sorption capacity for nutrients. Vymazal
etal. [12] studied the effect of substrates such as zeolite, gravel and sand
on wetland microorganisms and found that microbial species and
numbers were significantly higher in zeolite and sand wetlands than in
gravel wetlands. On the other hand, the treatment performance of
constructed wetlands depends on the optimal operating parameters such
as water depth, hydraulic retention time and load, feed pattern and
setup design heavily, which may lead to differences in pollutant removal
efficiencies between studies [13]. One of the key variables in con-
structed wetland studies is the hydraulic load. In terms of pollutant
removal, changes in hydraulic load greatly affect the treatment effec-
tiveness of CWs. However, frequent heavy rainfall events induced by
global warming may result in much higher hydraulic load than the
original design of CWs and may lead to microbial perturbations [14].
Phosphorus removal in CWs remains poor due to microbial assimilation,
susceptibility of plant uptake to environmental influences, and limited
filler uptake capacity [15]. In order to enhance the stability of CWs and
the sustainable operation of microorganisms, calamus has attracted
attention for providing a wider range of biomass than other aquatic
plants [16]. Calamus possesses a well-developed root system that exudes
significant amounts of sugar, alcohol, and organic carbon, which serve
as valuable energy sources for microorganisms [17]. And the extension
of the root system increases the void ratio of the substrate filler,
improving the oxygen concentration within it [18]. This creates an
optimal environment for microorganisms to thrive and improve their
metabolic activity. However, few studies have used calamus biomass as a
plant carbon source in artificial wetlands. In our previous study, we
found that calamus was more effective in removing nitrogen, phos-
phorus, organic matter, and heavy metals from runoff and was more
adaptable to water quality fluctuations and acidity. Also, wetland carrier
fillers showed better adsorption and filtration performance for urban
runoff pollutants [19].

The objectives of this study were: (1) to construct a vertically flowing
artificial wetland structure utilizing calamus, rare earth porcelain sand,
ceramsite, and clinoptilolite as carrier layers, aiming to address the
pollution caused by increased urbanization and stormwater runoff
resulting from heavy rainfall. (2) to assess the effectiveness of the
wetland in purifying urban runoff and to explore the optimal hydraulic
load for its operation, providing valuable references for the actual en-
gineering design and operation; and (3) to investigate the denitrification
and phosphorus removal mechanisms facilitated by the calamus and
multi-filler layers in CWs, aiming to propose potential solutions to
combat anaerobic black odor resulting from runoff organic pollutants
and to address eutrophication caused by nitrogen and phosphorus in
urban water bodies.

2. Materials and methods

2.1. Experimental water samples

Since the water volume and quality of runoff vary with the rainfall
intensity and the properties of the underlying surface, five typical
rainfalls with intensities from light rain to heavy torrential rain were
studied. We define rainfall intensity by the amount of rainfall, which can
be categorized as: light rain (0.2-10 mm day~ 1), moderate rain (10-25
mm day ™ 1), heavy rain (25-50 mm day ™~ 1), and torrential rain (>50 mm
day™ 1). The torrential rain can be further categorized as torrential rain
(50-100 mm day— 1), heavy torrential rain (100-250 mm day 1), and
very heavy torrential rain (>250 mm day~ 1. The above rainfall in-
tensities were adopted by the China Meteorological Administration
(CMA), with detailed information referred to the following website as
http://www.cma.gov.cn/2011xzt/2012zhuant/20120928 1 1 1.1/2
010052703/201212/t20121212_195616.html. Runoffs of the

corresponding rainfall intensities were collected from the urban road
pavement and from the roof in the campus of the University of Shanghai
for Science and Technology, then transported to storage tank as the
experimental water samples. The water quality of runoff samples from
light rain to heavy torrential rain is shown in Table 1. Depending on the
difference of the properties of the underlying surface, the main types of
stormwater collected were roof storm water runoff and roadway storm
water runoff. The rainwater runoff from the roof of the building was
collected using a roof siphon drainage system, directed through rain-
water hoppers and pipes, and ultimately stored in the runoff storage
tank. The rainfall runoff from the road was directed towards rainwater
collection areas on both sides of the road. The collected rainwater was
then passed through screens and filters to remove various debris such as
leaves, cigarette butts, and suspended solids. After this filtration process,
the rainwater flows through rainwater pipelines located on both sides of
the road, leading it into a rainwater storage tank. Polyethylene was used
as the tank body material and the tank were sealed in a cool and dry
location to inhibit biological activity and slow down the physical vola-
tilization and chemical reaction rate. The maximum retention time of
runoffs in the tank is 2-4 days to prevent aging of the water samples.

2.2. Wetland carrier fillers and plants

We used ceramsite, rare earth porcelain sand, and clinoptilolite as
wetland carrier fillers, and selected calamus as the wetland plant for
experiments investigations (supplementary material Fig. S1: Pictures of
wetland plant and fillers).

2.3. Experimental devices

The optimized combination of the selected carrier fillers and plants
was used to construct an efficient vertical flow CW. The experimental
wetland device was made of a long column with polyethylene, with
square section dimensions of 400 x 400 mm, and the height of 1700
mm. The upper layer for the experimental device was filled with 20 cm
of soil, and the calamus was planted in the soil. The other filler layers
were filled downward from the soil layer, with rare earth porcelain sand,
ceramsite, and clinoptilolite respectively; the thickness of each filler
layer was 30 cm, and the lower part of the filler layers was a 5 cm
retainer layer. Sampling points 1-4 from bottom to top were located at
the junction of different filler layers. The runoff water entered at the top
of the device, and a drainage pipe was installed at the bottom to
discharge the treated water. In addition, there were runoff storage tanks,
pumps, flow meters, valves and other equipment devices (Fig. 1).

2.4. Experimental operations

Due to the considerable variation in runoff volume and water qual-
ity, we focused on the adaptation of the CW to fluctuations in runoff
water volume and water quality, determined the optimum hydraulic
load (infiltration rate) and tolerable pollution load, and analyzed the

Table 1
Water quality of runoffs with different rainfall intensities in the study.
Rainfall Chemical oxygen Suspended Total N Total P
intensity demand solids mg/L mg/L
mg/L mg/L
Light rain 516.0 + 3.0 623.0 + 5.0 8.62 + 235+
0.08 0.02
Moderate rain 356.0 = 1.2 400.0 + 1.7 6.20 = 210 +
0.05 0.02
Heavy rain 271.0 £ 0.7 284.0 + 0.4 3.90 + 1.40 £
0.03 0.01
Torrential rain 156.0 + 0.4 165.0 + 0.3 212+ 0.86 +
0.02 0.01
Heavy torrential ~ 84.0 + 0.1 102.0 £ 0.2 1.52 + 0.59 &+
rain 0.02 0.01
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Fig. 1. Diagram of the experimental device: (a) Runoff water tank; (b) pump; (c) flow meter; (d) valve; (e) sampling points; (f) calamus; (g) multi-carrier fillers; (h)
retainer layers; (i) treated water outlet; numbers 1-4 stands for the sampling points 1-4.

effect of runoff pollutants removal along the filler layers. The investi-
gation was divided into three parts, and the first part was to change the
influent flow rate and adjust the hydraulic load from 40 L/(m>h) to 60
L/(m%h), 80 L/(m%h), 100 L/(m?h) and 120 L/(m%h) respectively,
while maintaining the basic stability of the influent water quality. After
the effluent quality from continuous operations was stable at each hy-
draulic load, samples were taken to determine COD, SS, TN and TP.
Runoffs with five intensities were used to investigate effects of fluctua-
tions in runoff water quality on performances of CWs, from light rain to
heavy torrential rain under the optimal hydraulic loads (Table 1). Water
samples were taken along filler layers from the sampling points after the
effluent water quality was stable.

2.5. Monitoring and analysis methods

The main pollution indicators of the experimental water samples
were determined by standard methods (APHA 2005) [20], where COD
was measured by a DR/2500 Hach meter, SS by the weight method, TN
by potassium persulfate digestion UV spectrophotometry, TP by mo-
lybdenum antimony anti-spectrophotometry, and the experimental re-
sults were analyzed by Origin. The removal rate of each pollutant was
calculated by Eq. (1).

E, = T x 100% @

where E, stands for removal rate (%); Cy stands for influent concen-
tration of a specific pollutant (mg/L); C; stands for -effluent



concentration of a specific pollutant (mg/L).
3. Results and discussion
3.1. Effect of hydraulic loads on runoff treatments

Hydraulic load is one of the key variables for CW operation [21]. In
terms of pollutant removal, changes in hydraulic load greatly affect the
treatment effectiveness of artificial wetlands. Suspended solids and
organic matter in the CW matrix can exhibit excellent buffering capacity
when the hydraulic load was increased from 750 to 1500 L/(m>%d) [22].
However, frequent heavy rainfall events brought about by global
warming may result in much higher hydraulic residence times than the
original design of artificial wetlands and may lead to microbial pertur-
bation. In addition, the interaction between plant species and hydraulic
load had a significant effect on the removal of each pollutant and was
strongly influenced by hydraulic load. In view of the current shortage of
knowledge, we selected the hydraulic load from 40 L/(m?h) gradually
increased by 120 L/(mz-h), i.e., from 960 L/(m>d) gradually increased
to 2880 L/(m>-d). After continuous operation under each hydraulic load
and after the effluent quality was stable, water samples were taken from
the outlet of the drainage pipe to determine the COD, SS, TN and TP of
the treated water and to calculate the removal rate of each pollutant.
Detailed results are shown in Fig. 2.

With the increase of hydraulic load from 40 L/(m?h) to 120 L/
(mz-h), the COD removal rate of the study system decreased from 89.4 %
to 72.0 %. At a hydraulic load of 80 L/(mz-h), the runoff COD removal
rate was approximately 86.0 %, and the COD concentration of the
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effluent was about 38.0 mg/L (Fig. 2a). The effluent COD met the Water
Quality Standards for River Landscape Environment in China (GB/T
18921-2019). When the hydraulic load exceeded 80 L/(m%h) and
continued to increase, the COD removal rate decreased rapidly; when
the hydraulic load increased to 100 L/(m?h), the effluent COD con-
centration was deteriorated to about 69.0 mg/L.

Hydraulic loads changing from 40 L/(m?h) to 120 L/(m?h) had no
significant effect on SS removal of the system (Fig. 2b). However, Fig. 2
(c) indicated that the removal rate of TN decreased with the increased
hydraulic load. When the hydraulic load increased from 40 to 120 L/
(m2~h), the TN removal rate decreased from 92.6 % to 75.7 %, and the
TN concentration in the treated effluent increased from 0.3 mg/L to 1.1
mg/L correspondingly. TN in effluent was <2.0 mg/L, and the effluent
water quality met the discharging standard. Effluent TP also decreased
with the increase of hydraulic load. When the hydraulic load increased
from 40 L/(m?h) to 120 L/(m2~h), the TP removal rate decreased from
80.8 % to 58.5 %. When the hydraulic load was 80 L/(m2~h), the TP
removal rate was 75.0 %, and the effluent TP concentration was about
0.4 mg/L (Fig. 2d). The removal rate of TP decreased rapidly when the
hydraulic load was further increased from 80 L/(m>h) to higher loads;
at a hydraulic load of 120 L/(m2~h), the effluent TP concentration was
about 0.6 mg/L, slightly exceeded the discharging standard.

The hydraulic load is not only affected by the wetland surface area,
water depth and filler porosity, but also may be affected by the physi-
ological growth characteristics of plants, while the developed root sys-
tem of plants can improve the hydraulic efficiency of CWs, which has a
greater impact on the hydraulic characteristics. However, hydraulic
load, as an important indicator of hydraulic properties, and its
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Fig. 2. Effects of hydraulic load on the removal of COD, SS, TN and TP of the runoff (a) the influent and effluent concentrations of COD and its removal rate; (b) the
influent and effluent concentrations of SS and its removal rate; (c) the influent and effluent concentrations of TN and its removal rate; (d) the influent and effluent

concentrations of TP and its removal rate.



interaction with plant root system will also affect the removal of pol-
lutants in artificial wetlands. The removal rate of runoff pollutants in the
wetland decreased as the hydraulic load increased. This was mainly
because the pollutants in the runoff were not sufficiently absorbed by
plants, or adsorbed by carrier fillers, nor sufficiently degraded by mi-
croorganisms as the hydraulic load increased and the hydraulic reten-
tion time decreased [23]. In the early stages of growth, Calamus presents
a relatively low capacity in pollutants adsorption due to its underde-
veloped root system. The limited surface area of the young plant's roots
restricts its contact with pollutants in the soil. As the calamus grows, the
root system gradually expands, increasing the surface area available for
contact with contaminants. When the inlet water flow was too big and
the hydraulic load exceeded the capacity of the wetland, the effluent
quality was deteriorated [24]. At a hydraulic load of about 80 L/ (m2~h),
the effluent COD, SS, TN, and TP of the study wetland could meet the
discharging standard. Therefore, the optimal hydraulic load of this
constructed wetland runoff treatment was 80 L/(m>h).

3.2. Adaptability of the study wetland to fluctuation in runoff water
qualities

To study the tolerance of the wetland to the influent pollution loads,
runoffs with different water qualities (Table 1) entered the wetland
treatment separately with a hydraulic load of 80 L/(m?2-h). The wetland
system operated continuously under each runoff water quality, and after
the effluent water quality was stabilized, samples were taken from the
outlet of the drainage pipe to determine COD, SS, TN and TP of the
effluent water. The results are shown in Fig. 3.

With the fluctuation of runoff water quality and the change of
pollutant load in the influent, the change of COD removal rate ranged
from 84.5 % to 89.9 %. The average COD concentrations of moderate,
heavy, torrential and heavy torrential rain runoffs were 356.0, 271.0,
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156.0 and 84.0 mg/L respectively (Table 1), and the COD concentrations
of the treated effluent were 36.0, 38.0, 20.0 and 13.0 mg/L respectively
(Fig. 3a). The COD index of the treated effluent was significantly better
than the Water Quality Standards for River Landscape Environmental in
China. When the COD concentration of the light rain runoff was higher
at 516.0 mg/L, the COD concentration of the treated effluent was 62.0
mg/L (>60.0 mg/L), indicating that the organic pollution load of the
light rain runoff had exceeded the treatment capacity of the wetland to
meet the discharging standards.

The wetlands' removal efficiency range of the runoff SS was
90.2-96.8 % with the fluctuation of runoff water quality. The SS con-
centrations of the treated effluent from moderate, heavy, torrential and
heavy torrential rain runoff were about 20.0, 9.0, 12.0 and 10.0 mg/L
respectively (Fig. 3b), all of which were <20.0 mg/L, which could meet
the Water Quality Standards for Reuse of Reclaimed Water in Landscape
Water Bodies in China. Although the SS removal rate of light rain runoff
by the wetland was as high as 96.3 %, the SS concentration in the treated
effluent was 23.0 mg/L (>20.0 mg/L); the results showed that the sus-
pended solids in light rain runoff also exceeded the treatment capacity of
the wetland to meet the discharging standards.

As the rainfall intensity increased, the TN concentration in the runoff
decreased and the TN removal efficiency initially increased before
subsequently decreasing, with the highest TN removal rate of about
89.2 % in the wetland for torrential rain runoff (Fig. 3c). This pattern
was a result of the dominant role of microorganism degradation in
constructed wetlands for TN removal, followed by plant uptake and filler
adsorption. Nitrogen in sewage is mainly absorbed by plants in the form
of NO3-N and NHj-N. calamus can absorb and convert nitrogen into
plant tissue components through assimilation during the growth pro-
cess, and then harvest the plants manually to achieve the effect of ni-
trogen removal. In addition, the well-developed root conditions of
calamus can create an inter-root environment suitable for the growth of
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Fig. 3. Effects of runoff water quality fluctuation on the removal rates of COD, SS, TN and TP (a) The influent and effluent concentrations of COD and its removal
rate; (b) the influent and effluent concentrations of SS and its removal rate; (c) the influent and effluent concentrations of TN and its removal rate; (d) the influent and
effluent concentrations of TP and its removal rate. The runoff No.1 stands for light rain; the runoff No.2 stands for moderate rain; the runoff No.3 stands for heavy
rain; the runoff No.4 stands for torrential rain and the runoff No.5 stands for heavy torrential rain.



microorganisms, which can be utilized to achieve the removal of ni-
trogen [16]. The root micro-environment is the main factor affecting
NHj4-N removal. In constructed wetlands, nitrogen is first converted
from NH4-N to NO3-N through nitrification, and then further converted
to Ny and NO through denitrification and discharged into the water
column (Fig. 4). When the TN concentration in runoff was too low and
the nitrogen nutrients for biological growth and reproduction were
insufficient, or when it became too high and exceeded the needs of
microorganisms and plants, the TN removal efficiency would decrease in
both scenarios [25]. The removal rate of TN in runoff by this wetland
was 73.3-89.2 %, and the treated effluent TN concentrations of five
runoffs (Table 1) from light rain to heavy torrential rain were 2.30, 0.95,
0.46, 0.23 and 0.25 mg/L, respectively, all of which could meet the
Water Quality Standards for Reuse of Reclaimed Water in Landscape
Water Bodies in China.

The phosphorus removal efficiency of the wetland for the runoff was
75.0-83.1 %. Soil and filler layers adsorption and chemical reaction
played a dominant role in phosphorus removal [26-28]. With the in-
crease of rainfall intensity, the TP concentration in the runoff decreased,
and the TP concentration in the treated effluent decreased from 0.56
mg/L to 0.10 mg/L (Fig. 3d). Only the TP concentration in the treated
effluent of light rain runoff slightly exceeded the standard, which was
0.56 mg/L (>0.50 mg/L). The TP concentrations in the treated effluent
from moderate rain to heavy torrential rain runoffs met the Water
Quality Standard for Reuse of Reclaimed Water in Landscape Water
Bodies in China.

From the above analysis, it could be seen that the wetland was highly
adaptable to water quality fluctuations of moderate, heavy, torrential
and heavy torrential rain runoff, and the treated effluent water quality
had been kept excellent and stable. The pollution load of light rain
runoff slightly exceeded the treatment capacity of the wetland to meet
discharging standards. However, the removal rates of COD, SS, TN and
TP of the wetland for light rain runoff were still as high as 88.0 %, 96.3
%, 73.3 % and 76.2 %, respectively (Fig. 3), which greatly reduced the
pollutants discharged from runoffs.

3.3. Removal effectiveness of runoff pollutants along the carrier filler
layers

After the effluent water quality was stable, samples from sampling
points 1-4 were taken to determine its COD, SS, TN, and TP indicators.

Nitrogen pollutant
NO; -N
NH -N

Substrate

Rhizosphere

Assimilation

Organic nitrogen
Plant tissue

Effects of pollutant removal by each carrier filler layer were shown in
Fig. 5.

The removal rate of each pollutant in the runoff increased with the
thickness of the packing layers. The total removal rates of COD, SS, TN
and TP were as high as 89.9 %, 95.0 %, 84.7 % and 76.2 %, among which
the removal rates of COD, SS, TN and TP in plants and soil layer were
64.9 %, 50.0 %, 58.1 % and 28.6 % respectively. The removal rates were
12.9 %, 25.0 %, 16.1 %, and 42.8 % by the rare earth porcelain sand
layer, which was relatively higher than by the ceramsite layer and cli-
noptilolite layer, respectively (Table 2).

It could be inferred that soil microorganisms played the most
important role in COD degradation and removal due to the presence of
microorganisms such as bacteria, actinomycetes, fungi, and nitrifying
and denitrifying bacteria in the soil. Nitrification and denitrification by
soil microorganisms and nitrogen removal by calamus uptake were sig-
nificant [29]. The adsorption and removal of COD and TN by the fillers
were relatively insignificant. The particle size of the wetland fillers was
configured increasing from top to bottom as soil particle size <2 mm,
rare earth porcelain sand particle size 2-4 mm, ceramsite particle size 3-
6 mm and clinoptilolite particle size 3-6 mm. The suitable particle size
gradation of fillers made it have a good filtration effect on SS. Generally,
the SS removal rate of the study system was high, especially in the soil
layer with small voids where the SS removal rate was the highest. In
contrast, the removal efficiency of TP by the rare earth porcelain sand
layer reached 42.8 %, which was higher than that by plants and soil
layers. The main reason was that the removal effect of phosphorus by
soil microorganism was relatively weak [30]. The rare earth porcelain
sand was multi-microporous and had a large specific surface area, which
had a high adsorption and removal rate on phosphorus and other pol-
lutants. The composition of rare earth porcelain sand included SiO,,
Al;03, Fe0O3, CaO, and MgO, which could be dissolved in water and
form cationic calcium, magnesium, iron, aluminum, and other sub-
stances, form insoluble phosphate precipitation and improve the phos-
phorus removal rate. In addition, it also had active sites such as
aluminum and silicon, with a large number of Si-O-Si bonds and Al-O-Al
bonds on the surface, which had a strong chemisorption effect on
phosphate and further increased the TP removal efficiency (Fig. 6).
When the moderate rain runoff was treated and stabilized in the
wetland, the concentrations of COD, SS, TN, and TP in the treated
effluent were about 36.0 mg/L, 20.0 mg/L, 0.9 mg/L, and 0.5 mg/L,
respectively, which met the Water Quality Standards for Reuse

N, NO \ Denitrification

NO; -N

\ Nitrification

NH; -N

Microorganisms

Fig. 4. Mechanism of nitrogen removal from plant root environment in constructed wetlands.
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Fig. 5. Removal rates of runoff pollutants by the study wetland system along carrier filler layers.

Table 2

Average pollutant adsorption rate of each filler layer.

COD COD sorption rate % SS mg/L SS sorption rate % TN mg/L TN sorption rate % TP mg/L TP sorption rate %
mg/L
Influent water 356 0 400 0 6.2 0 21 0
Plant soil layer 125 64.9 200 50 2.6 58.1 1.5 28.6
Rare earth porcelain sand 79 12.9 100 25 1.6 16.1 0.6 42.8
Ceramsite 62 4.8 56 11 0.9 11.3 0.56 1.9
Clinoptilolite 36 7.3 20 9 0.95 —-0.8 0.5 2.9
A
Urban stormwater runoff
[i = [
I
@200 @
! ‘/ I
Sediment I
| e S e N 1
Adsorption

Fig. 6. Diagram elaboration of pollutants removal mechanisms by soil and filling layers of the study constructed wetland system.



Reclaimed Water in Landscape Water bodies in China and achieved
landscape reuse of stormwater runoff.

4. Conclusions

A systematic evaluation of the treatment efficacy of constructed
multilayer packed calamus wetlands for urban stormwater runoff treat-
ment was carried out. The studied constructed wetland presented
excellent adaptability to variations in rainfall intensities and fluctua-
tions in runoff water quality. The effluent generated from moderate,
heavy, torrential, and torrential heavy rainfalls remained stable and can
meet the Water Quality Standards for Reuse of Reclaimed Water in
Landscape Water Bodies in China. To address the variation in hydraulic
load resulting from heavy rainfall events caused by global warming, the
optimal hydraulic load for the operation of the calamus wetland was
determined as 80 L/(m2 h), which provides a reference for the actual
project design and operation. The feasibility of removing nitrogen,
phosphorus, and organic matter from runoff by using calamus biomass as
a plant carbon source in constructed wetlands was analyzed and
confirmed at the mechanistic level. In summary, the studied wetland
system achieved a high-efficiency removal of runoff pollutants, bring
about a significant reduction in pollutant discharge. The developed
technology could be an effective tool to control organic black odor and
nitrogen and phosphorus eutrophication pollution of urban water
bodies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2023.104273.
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